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This article outlines theoretical and experimental results for polarized
light scattering from five different sample configurations: surface rough-
ness of a single interface, defects below a single interface, spherica parti-
cles above a single surface, spherica particles above a dielectric film, and
roughness of the top interface of a dielectric film. These measurements
demonstrate that polarized light scattering can be used to characterized de-
fects on surfaces, provided sufficient information is available about the
system without defects. It is found that measurement of the principal di-
rection of the polarization for p-polarized incident light, 7, when meas-
ured out of the plane of incidence, can be used to distinguish amongst light
scattered by microroughness, subsurface defects, and particulate contami-
nants.

I. INTRODUCTION

Measurements of scattered light are often used to inspect the quality of
smooth surfaces.” Usually, a laser beam is alowed to impinge on the
sample of interest, and one or more optical elements collect light onto a
highly sensitive detector. These techniques offer high sensitivity to many
types of defects, including roughness, subsurface features, and particulate
contaminants. However, it is often difficult to distinguish amongst these
various scattering mechanisms, especialy if only a small nhumber of de-
tectors are employed by the instrumentation. Furthermore, the sensitivity
to local defects is often limited by non-localized scattering resulting from
roughness of the sample and Rayleigh scattering in the air.

Ultimately, instrumentation which can perform “on the fly” characteri-
zation of defects is needed. These tools need not only to detect defects, but
also to classify them according to type, size, material, and shape. With
traditional light scattering techniques, this can be partially achieved by
using multiple scattered light detectors, each which views the sample
scattering region from a direction optimized for scattering from a specific
type of defect. This technique, however, is limited to being able to distin-
guish between only a small number of defect types.

Recent studies have found that whepolarized light is incident on a
sample at an obliqgue angle of incidence, the light scattered by that sample
has a polarization that is dependent upon the nature of the scattering
source”® Furthermore, it has been found that light scattered by small
amounts of interfacial roughness has a polarization that is independent of
the details of that roughness, such as the power spectral density function of



the surface height function or the absolute magnitude of that roughness.*

Using that finding, it has been possible to develop tools which are “blind”
to roughness, while maintaining sensitivity to other sources of scattering.
These polarized light scattering techniques should substantially extend the
capabilities of light scattering inspection tools.

This article will review the results of experimental and theoretical
studies that demonstrate how the polarization of scattered light can offer a
means for distinguishing amongst different scattering sources. In Sec. II,
the bidirectional ellipsometry (BE) method that we use to partially char-
acterize the scattered light will be outlined. In the following four sections,
examples will be given for microroughness of a single interface (Sec. Ill),
subsurface features (Sec. IV), particles above a single interface (Sec. V),
particles above a dielectric layer (Sec.VI), and roughness of an interface in
a dielectric film (Sec. VII). In Sec. VIII, the results will be summarized.

(a) (b)
2 3
/N §=45° '95=45° g\f’ fra A

p-pol /y

n(p)

\ 3

(pS N fmi n

FIGURE 1 (a) The sample coordinate system used in this paper; and (b) a
schematic of the intensity distribution f measured by a rotating linear-
polarization-sensitive detector, defining the bidirectional ellipsometry pa
rameters, /7(p) and F)L(p) = (fmax - fmin)/ (fmax + fmin)-

Il. BIDIRECTIONAL ELLIPSOMETRY

Figure 1(a) outlines the measurement geometry used in this study. Laser
light of wavelength A =532 nm and p-polarization (electric field within
the plane of incidence) is incident onto a sample at an angle 8 = 45°. The
light scattered into a small solid angl&in the direction defined by a polar
angle &= 45° and an azimuthal angjeis collected by a rotating polari-
zation-sensitive detector. Figure 1(b) illustrates schematically the signal
one obtains as the detector polarization direction is rotated. Bidirectional
ellipsometry (BE) parameters, consisting of the principal direction of the
polarization,7”, and the degree of linear polarizatiéh”, are recorded
as functions ofig for fixed § and 8. This out-of-plane scattering geome-
try is designed to optimize the distinction between the different scattering
mechanisms. If measurements were carried out only in the plane of inci-
dence, contrast would only be obtained amongst mechanisms if a mixture
of s- andp-polarized light were used, e.g. 45° or circularly polarized light.
However, theoretical calculations have shown that scattering from (or



scattering into) s-polarized light is relatively independent of scattering
mechanism.? Therefore, out-of-plane measurements of the polarization
with p-polarized incident light provides the greatest contrast amongst
mechanisms.

The experimental method used to perform BE measurements is outlined
in detail elsewhere.® The goniometric system is of a relatively simple
design, having the incident laser beam fixed with respect to the laboratory,
the scattered light receiver moving horizontally about a single vertical
axis, and the rest of the necessary degrees of freedom being achieved
through sample rotations and trangations. The control of the goniometer
with respect to sample-specific coordinates (e.g. 8, &, @, and the incident
and scattering polarizations) is performed by a computer. This system is of
a design that should be easily replicated elsewhere for light scattering
measurements.
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FIGURE 2 BE parameters, experimental and theoretical, (a) for four differ-
ent silicon samples, and (b) for different size PSL spheres deposited on sili-
con.

. MICROROUGHNESS

Figure 2(a) shows the results of BE measurements from four different
silicon samples.” The first two samples, Samples A and B, were pseu-
dorandom two-dimensionally rough surfaces, generated by a photolithog-
raphy process.® The surfaces consist of pseudorandom distributions of
1.31 pum and 1.76 um diameter pits having nominal depths of 1 nm and
10 nm, respectively, with one pit of each diameter for every 5 pm x5 um
square on the surface. Sample C consisted of an etched backside of a
wafer, which exhibited a high degree of scattering and a very weak specu-



lar reflection. Samples A, B, and C should all scatter by varying levels of
surface topography. Sample D, in contrast, contains subsurface defects and
will be discussed in Sec. IV.

The curves shown in Fig. 2(a) represent the results of first-order vector
perturbation (Rayleigh-Rice) theory. This theory assumes that the sample
consists of an interface between the substrate material and the ambient air,
with the boundary being given by a surface height modulation function,
zZ(X,y) = 2o + Az(x,y). The function Az(x,y) is assumed to be single valued,
to be small compared to the wavelength of the probing light, to have zero
mean, and to have slopes much smaller than unity. Under these conditions,
the electromagnetic fields and the surface normal can be expanded about
their zero-order values. The condition that the electric and magnetic fields
paralel to the surface must be continuous across the boundary allows one
to calculate the first-order scattered field. The agreement between the
experimental data and the theoretical predictionsin Fig. 2(a) is very good.

An interesting feature of the first-order solution is the separation be-
tween those terms affecting the polarization and those containing the
function Az(x,y). That separation indicates that the entire class of mi-
crorough surfaces can be identified by BE measurements, despite the
presence of random variables in Az(x,y). It aso alows one to collect light
scattered into any direction and to eliminate with a polarizer any signal
that can potentially result from microroughness. If the scattered signal
noise is dominated by microroughness, this method allows one to substan-
tially increase their sensitivity to other sources of scattering, such as sub-
surface defects and particulate contamination.

IV. SUBSURFACE DEFECTS

Figure 2(a) also shows the BE parameters measured for a silicon sam-
ple, Sample D, having a high concentration of “crystal originated parti-
cles,” or COPs, which are SiQrecipitates in the bulk materialThese
defects gained their misnomer, since they would be detected as light scat-
tering events by some instruments and therefore counted as particles. It is
clear from Fig. 2(a) that these defects have BE parameters significantly
different from those for roughness, and will be shown in Sec. V to be
different from those for particulate contamination.

One of the curves shown in Fig. 2(a) is the result of calculations based
upon the Rayleigh approximation. In this approximation, the defects are
assumed to be small enough that one can treat them as point polarizable
dipoles. The local electric field, which fgrpolarized incident light is
nearly parallel to the surface, defines the direction of the induced dipole
moment. This induced dipole moment then radiates as an antenna from
below the surface. The finite size and shape of the defect and any secon-
dary interactions (near-field or far-field) are ignored in this approximation.
The agreement between the measured BE parameters and this theory,
despite the crudeness of the approximation, is very good.

Other BE measurements have been performed for known subsurface
features, using transparent materials having known bulk scattering behav-



iors, and the agreement has been very good.? It was found that even high-
level scatterers, such as glass ceramics, show excellent agreement with the
Rayleigh theory for the parameter 7, despite having very poor agreement
for PLP. Thisfinding is not unexpected, since materials such as these are
expected to exhibit a high degree of depolarization due to multiple scat-
tering and finite-domain-size effects. The parameter n”, however, is much
more robust, since it is less sengitive to the exact nature of the scatterer
than to the local mean field at the scatterer. Simple symmetry arguments
dictate that a statistically spherically-symmetric scatterer will scatter pri-
marily in a Rayleigh-like fashion, albeit with some depolarization, which
results from the ensemble averaging of the random configurations.

V. SPHERICAL PARTICLES ABOVE A SINGLE INTERFACE

While the electric field amplitude below a single interface is constant
(with the light incident from above), the amplitude and direction of the
field above the interface varies with z-coordinate due to interference be-
tween the incident and reflected light. That fact leads to most of the suc-
cess for the characterization of subsurface defects given in Sec. IV, and
also provides the ability to locate particles above a surface. For a single
interface, this location is directly correlated with the size of a particulate
contaminant.

Figure 2(b) shows BE results for high surface densities of three diame-
ters (101 nm, 181 nm, and 218 nm) of polystyrene latex (PSL) spheres
deposited onto bare silicon wafers.™® It can be seen from Fig. 2(b) that each
sphere diameter yields a unique BE curve, allowing one to distinguish one
diameter sphere from another. The curves, shown in Fig. 2(b), are the
results of calculations based upon the discrete dipole approximation
(DDA). In the DDA, an object is built from a large number of interacting
dipoles. The near-field interactions between successive dipoles, both
directly and through their reflections in the surface, are included in the
calculation. A self-consistent solution for all the dipoles is iteratively
determined. A complete description of the DDA agorithm is given else-
where!

The agreement between the DDA calculations and the experimental
dataisvery good. Small deviations between the theory and experiment for
the 101 nm spheres are understood as resulting from a fraction of the
deposited particles being doublets, while small depolarization (reduction in
P.?) from the 218 nm spheres probably results from their imperfect
sphericity.® Any scattering mechanism whose polarization is dependent
upon some parameter will partially depolarize light if that parameter has a
finite width distribution. The light scattered by a doublet or a non-
spherical particle, for example, has a polarization that depends upon its
orientation.

Although we use the DDA method to calculate the light scattered by a
sphere above a surface, we also compare the DDA method to ssmpler and
less accurate approximations.’® In the Rayleigh approximation, outlined
above in Sec. IV, the only parameter which determines the polarization of



the scattered light is the mean distance of the sphere from the surface. In

the Mie-surface approximation (sometimes referred to as the double inter-

action model?), we include the field scattered by a homogeneous sphere,

using the exact Mie solution for a sphere in free space, therefore taking

into account the finite size and material of the sphere. Both of these ap-
proximations ignore the sphere-surface near-field interaction, yet they
provide insight into which parameters are most important at determining

the polarization of scattered light. It is found that for small scattering
angles (@< 60°), that all three approximations yield very similar results
for the BE parametes®. This finding indicates that the parameter that
affects 7 for these small angles is primarily the mean distance that the
particle lies from the surface, and allows one to determine particle size
independent of particle material. For nearly-spherical particles, the pa-
rametern® at small scattering angles should still allow one to make an
estimate of contaminant size.
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FIGURE 3 BE parameters, experimental and theoretical, (a) for 181 nm PSL
spheres deposited on a 55 nm PS film, and (b) for roughness in a 55 nm PS
film deposited on silicon.

VI. SPHERICAL PARTICLES ABOVE A DIELECTRIC LAYER

Figure 3(a) shows the scattering from 181 nm PSL spheres deposited
onto a 55 nm thick polystyrene (PS) layer spin-cast onto a silicon wafer.
These results are compared to those for 181 nm PSL spheres deposited
directly onto bare silicon. The theoretical calculations, based upon the
Mie-surface approximation, are included in Fig. 3(a), and include the
multiple reflections in the dielectric layer. The agreement between the
theory and experiment is very good. The less than ideal agreement be-
tween the calculations and the data for the spheres on bare silicon is due to



the neglect of the near-field interaction in this theory. (Our current imple-
mentation of the DDA code does not account for dielectric layers.)

The presence of the dielectric layer has a pronounced effect on the BE
parameters for identically-sized spheres. This finding is in agreement with
our understanding that the particle effectively samples the loca field a
distance from the surface given by the radius of the particle, and radiates
from that same position. The presence of the dielectric layer affects the
reflection coefficients of the substrate, upon which the particle lies. It is
therefore necessary that the substrate and film optical constants and film
thickness be known in order to determine the particle size. This informa-
tion can be obtained from specular ellipsometry.

VIl. ROUGHNESS OF A DIELECTRIC LAYER

The 55 nm PS film shown in Fig. 3(a) has some residual roughness be-
fore spheres were deposited on it. The resulting scattered light was about
twenty times less intense than that from the spheres, and about an order of
magnitude greater than the scattering from the bare wafer before deposi-
tion of the film. Figure 3(b) shows the BE parameters for this film, com-
pared to the results of four calculations based on first-order vector pertur-
bation theory, outlined above, accounting for the presence of the dielectric
layer.® The four calculations correspond to roughness of the air/PS inter-
face, roughness of the PS/silicon interface, identical but uncorrelated
roughness of both interfaces, and identical and correlated roughness of
both interfaces. The good agreement between the data and the calculations
for a rough air/PS interface are consistent with the larger degree of scat-
tering from this system, compared to that of the bare silicon wafer, and
with atomic force microscopy (AFM) images of the films.

Vill. SUMMARY

The results of BE measurements given in this paper demonstrate that
different sources of scattering can often be distinguished from one another
by observing the polarization of the scattered light. In all of these cases,
information about the ideal system, such as the optical constants for the
substrate and any films, and the thickness of those films, is necessary as
accurate parameters to theoretical models. Measurement of the polariza-
tion of scattered light ought to be incorporated into inspection instruments
in order to improve the capability for rapid classification of defects.
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